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SuppressionAlphasatellites and betasatellites are begomovirus-associated single-stranded circular DNA molecules. Two
distinct alphasatellites, Gossypium darwinii symptomless alphasatellite and Gossypium mustelinium
symptomless alphasatellite, were previously isolated from Gossypium davidsonii and G. mustelinium. Here
we show that the replication-associated proteins (Rep: a rolling-circle replication initiator protein) encoded
by these alphasatellites interact with the Rep and C4 proteins encoded by their helper begomovirus, Cotton
leaf curl Rajasthan virus (CLCuRaV), in a yeast two-hybrid assay. Both the alphasatellite-encoded Reps were
found to have strong gene silencing suppressor activity, in contrast to the betasatellite-encoded βC1 and
CLCuRaV-encoded C2, C4 and V2 proteins. The presence of alphasatellites maintained suppression of gene
silencing in the youngest, actively growing tissue of CLCuRaV-betasatellite-infected plants. This is the ﬁrst
demonstration of a rolling-circle replication initiator protein with suppressor of gene silencing activity and
provides a possible explanation for the selective advantage provided by the association of alphasatellites
with begomovirus–betasatellite complexes.uet).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Monopartite begomoviruses (family Geminiviridae) that are
associated with single-stranded DNA satellites are causing increasing
problems for agriculture in Indo-China, a region that is the center of
diversity of geminiviruses (Nawaz-ul-Rehman and Fauquet, 2009).
Two classes of satellites associated with begomoviruses have been
identiﬁed, which are known as alphasatellites and betasatellites
(Briddon and Stanley, 2006). Betasatellites are, in most cases,
essential for the helper begomovirus to induce typical disease
symptoms in the host from which they were isolated and encode
the major pathogenicity determinant of the complex (Briddon and
Stanley, 2006; Saunders et al., 2004). In contrast, alphasatellites are
not essential and appear to make no signiﬁcant contribution to the
pathogenicity of begomovirus–betasatellite disease complexes (Man-
ansoor et al., 1999, Saunders and Stanley, 1999; Briddon et al., 2004).
Begomoviruses are transmitted by the whiteﬂy Bemisia tabaci and
occur in both the Old World (OW) and New World (NW). Only
bipartite begomoviruses, with components known as DNA-A and
DNA-B, are native to the NW. However, in the OW, the bipartitebegomoviruses are out-numbered by the monopartite begomoviruses
(Nawaz-ul-Rehman et al., 2009) whose genomes consist of a homolog
of the DNA-A components of the bipartite viruses. The DNA-A
components of bipartite begomoviruses encode all virus factors
required for replication, control of gene expression and encapsida-
tion/insect transmission, whereas the DNA-B component encodes two
proteins involved in virus movement within and between plants.
Monopartite begomoviruses lack the DNA-B component, yet their
genomes are genetically indistinguishable from the DNA-A compo-
nents of OW bipartite viruses. One consequence of this may be that
monopartite begomoviruses have greater phloem limitation than their
bipartite cousins; the implication being that the DNA-B-encoded
movement proteins may provide more efﬁcient escape from phloem-
associated tissues (Rojas et al., 2001). The proteins encoded by the
genomes of monopartite begomoviruses are the coat protein (CP;
required for encapsidation and interaction with the whiteﬂy for
transmission), the V2 protein (possibly involved in virus movement),
the replication-associated protein (Rep; a rolling-circle replication
initiator protein—the only viral protein absolutely required for virus
replication), the C2 protein (a transcription factor that up-regulates
host gene expression and, for some viruses, up-regulates virion-sense
[late] gene expression and for these viruses is known as the
transciptional activator protein [TrAP]), the replication enhancer
protein (REn; a protein that up-regulates virus replication, possibly
by interacting with Rep and host factors) and the C4 protein (which
Table 1
Infectivity of viruses and satellites to Nicotiana benthamiana.
Inoculum Symptom
severityc
Infectivity
(no. of plants infected/no.
of plants inoculated)
CLCuRaV 0 0/45
CLCuRaV+CLCuMuB 5 44/45
CLCuRaV+GDarSLA 0 0/45
CLCuRaV+GMusSLA 0 0/45
CLCuRaV+GDarSLA+CLCuMuB 5 (3)a 45(30)/45b
CLCuRaV+GMusSLA+CLCuMuB 5 (3)a 43(26)/45b
CLCuBuV 1 40/45
CLCuBuV+CLCuMuB 4 42/45
CLCuBuV+GDarSLA 1 40/45
CLCuBuV+GMusSLA 1 42/45
CLCuBuV+GDarSLA+CLCuMuB 3 44/45
CLCuBuV+GMusSLA+CLCuMuB 3 43/45
The results are the cumulative totals for three independent experiments.
a The values in parentheses are the symptom severity rating for plants showing
attenuated symptoms.
b The values in parentheses are the number of plants showing attenuated symptoms.
c The symptoms exhibited are given a rating on a 0–5 scale, as described in Materials
and methods.
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involved in overcoming host defenses).
Betasatellites occur only in the Old World (Briddon et al., 2008;
Briddon and Stanley, 2006). These satellites are ∼1350 bp in size,
approximately half the size of the genomes of their helper
begomoviruses, and require the helper begomovirus for replication
and movement in host plants as well as for insect transmission
between plants. They encode a single gene in the complementary
sense, known as βC1, the product of which has been shown to be a
pathogenicity determinant, possibly involved in virus movement in
plants, to bind DNA and to be a suppressor of post-transcriptional
gene silencing (PTGS; a host defensemechanism, that is also known as
RNA interference [RNAi]) (Saunders et al., 2004; Cui et al., 2005; Saeed
et al., 2007). The vast majority of betasatellites have been identiﬁed in
association with monopartite begomoviruses.
The begomovirus-associated alphasatellites (previously known as
DNA-1) have until recently only been identiﬁed with monopartite
begomoviruses that are associated with betasatellites in the Old
World, although they were not found associated with all begomo-
virus–betasatellite complexes (Briddon et al., 2004). Signiﬁcantly,
Paprotka et al. (2010) recently showed the presence of alphasatellites
in association with bipartite begomoviruses occurring in the New
World. Alphasatellites are also approximately half the size of their
helper begomoviruses (∼1380 bp). They have a single large gene
encoding a replication-associated protein (Alpha-Rep), which is a
rolling-circle replication initiator protein. Consequently alphasatel-
lites are capable of autonomous replication in the cells of host plants
(and hence are described as satellite-like since, by deﬁnition, satellites
rely on their helper virus for replication), although they require the
helper begomovirus for movement within and insect transmission
between plants. Although no deﬁnitive function has been ascribed to
alphasatellites, their presence in plants infected with begomovirus–
betasatellite complexes may reduce virus and/or betasatellite titres
and possibly attenuate symptoms (Wu and Zhou, 2005).
Cotton leaf curl disease (CLCuD) is a serious constraint to cotton
production in Pakistan andnorthwestern India. The diseaseﬁrst came to
prominence during the mid-1980s and was epidemic during the 1990s,
spreading to almost all cotton growing areas of Pakistan as well as into
western India (reviewedbyBriddon andMarkham, 2001). The epidemic
disease during this time was shown to consist of at least seven
begomoviruses (occurring singly or as mixed infections), a disease-
speciﬁc betasatellite (Cotton leaf curl Multan betasatellite [CLCuMuB])
and an alphasatellite. During the late 1990s, losses due to CLCuD
diminished following the introduction of resistant cotton varieties.
However, in 2001, CLCuD symptomsbecame evident on resistant cotton
varieties and a resistance breaking form of the disease (known as the
“Burewala” strain) has since spread to affect most cotton growing areas
of Pakistan andwestern India (Mansoor et al., 2003). The disease in this
case is associated with a newly identiﬁed begomovirus (cotton leaf curl
Burewala virus [CLCuBuV]; Amrao et al., 2010) and a recombinant
derivative of the earlier CLCuMuB (Amin et al., 2006).
During an analysis of the diversity of begomoviruses and associated
satellites affecting a collection of exotic cotton species growing in
Multan (Pakistan) (Nawaz-ul-Rehman, manuscript in preparation),
we identiﬁed two unusual alphasatellites, Gossypium darwinii symp-
tomless alphasatellite (GDarSLA; which is similar to previously
identiﬁed alphasatellites but has not been identiﬁed elsewhere) and
Gossypium mustelinium symptomless alphasatellite (GMusSLA; an
unusual alphasatellite that is distinct from all other alphasatellites so
far identiﬁed), as well as Cotton leaf curl Rajasthan virus (CLCuRaV; a
species associated with the “Multan” strain of CLCuD), CLCuBuV and
the recombinant form of CLCuMuB. Recently we have shown that, in
contrast to earlier CLCuD-associated begomoviruses, CLCuRaV is
dependent on the betasatellite CLCuMuB to systemically infect
Nicotiana benthamiana (Nawaz-ul-Rehman et al., 2009). Here we
have assessed the effects of the presence of alphasatellites onCLCuRaV/CLCuBuV infection of N. benthamiana and investigated the
possible basis for these effects.
Results
High level replication and symptom attenuation of begomovirus
infection by alphasatellites in plants during the early stages of infection
To investigate the requirements for the infectivity of the
alphasatellites GDarSLA and GMusSLA, these were inoculated to
N. benthamiana plants as dimeric constructs in combination with
partial direct repeat constructs of CLCuRaV and CLCuBuV as well as a
dimer construct of CLCuMuB, using Agrobacterium tumefaciens. Plants
inﬁltrated with only GDarSLA or GMusSLA did not develop symptoms
and no evidence of the presence of satellite-speciﬁc DNAs could be
detected in systemic leaves, distal to the inoculation site, at 12 days
post-inoculation (dpi) by PCR with speciﬁc primers (results not
shown). Analysis of nucleic acids extracted from the inoculated patch
using rolling-circle ampliﬁcation (RCA; Haible et al., 2006) and
digestion of the resulting product with speciﬁc restriction enzymes
showed the presence of only the alphasatellite, with no evidence of
the binary vector, indicative of replication.
Similarly, inoculation of plants with CLCuRaV alone did not result in
symptoms or the presence of viral DNA in systemic tissues. However,
when co-inoculated with CLCuMuB, symptoms of infection appeared at
or around 12 dpi. The symptoms were a tight downward rolling of the
leaf margins and a reduction in leaf size of newly developing leaves.
When inoculated with CLCuRaV, CLCuMuB and either of the alphasa-
tellites, the symptoms appeared at or around 12 dpi and were
signiﬁcantly milder (symptom severity rating 3), in the majority of
N. benthamianaplants (Table 1), than for plants inoculatedwith only the
virus and betasatellite (severity rating 5). Symptoms for plants infected
with CLCuRaV, CLCuMuB and either of the alphasatellites were some
mild crumpling of newly developing leaves that were similar in size to
non-inoculated plants. Southern blot analysis showed that the accu-
mulation of the betasatellite (CLCuMuB)was reduced in plants infected
with CLCuRaV and betasatellite in the presence of either of the
alphasatellites (Fig. 1B and C) in comparison to plants infected with
only CLCuRaV and betasatellite (Fig. 1A). In contrast the DNA levels of
the helper virus, CLCuRaV, were not signiﬁcantly affected by the
presence of the alphasatellites (Fig. 1D–F). The reduction in betasatellite
mRNA levels in the presence of the alphasatellites was shown to be
consistent in repeated northern blot analyses for three additional
infected plants in each case.
Fig. 1. Southern hybridization for the detection of viruses and satellites in Nicotiana benthamiana plants. Blots were probed with DIG-labeled DNA fragments containing the βC1 gene
of CLCuMuB (A–C), the Rep gene of CLCuRaV (D–F) or the Alpha-Rep genes of GDarSLA (G, H) and GMusSLA (I, J). The virus, betasatellite and alphasatellite that plants were
inoculated with, and from which total DNA was extracted approx 14 dpi, are shown above each panel. Equal amounts of DNA (approximately 0.5 μg) were loaded in each lane. For
each separate combination of inocula, the hybridization to DNA extracted from two plants is shown (lanes 1 and 2). A photograph of the ethidium bromide-stained gel is shown
below the blot as a loading control. Viral DNA forms are indicated as single-stranded (ss), supercoiled (sc) and open circular (oc).
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V2/CP, C2/REn and Rep/C4 genes in plants infected with CLCuRaV
and CLCuMuB in the presence and absence of GDarSLA showed that
thesewere not signiﬁcantly affected by the presence the alphasatellite
(Fig. 2A–C). However, a northern blot probed for the transcript
spanning the βC1 gene showed a signiﬁcant reduction of this mRNA
for CLCuRaV/CLCuMuB-infected plants in the presence of GDarSLA, in
comparisons to CLCuRaV/CLCuMuB infections in its absence (Fig. 2D).Fig. 2. Northern hybridization of total RNA extracted from healthy Nicotiana
benthamiana plants (lane 1) and plants infected with CLCuRaV and CLCuMuB (lane 2
in each panel) and CLCuRaV, CLCuMuB and GDarSLA (lane 3 in each panel) to detect
mRNAs spanning the CP and V2 (A), C2 and REn (B), Rep and C4 (C) genes of CLCuRaV
as well as the βC1 gene (D) of CLCuMuB. A loading control of ethidium bromide-stained
rRNA is shown below each northern blot. Note the higher loading for lane 3 of the βC1
probed blot. The blots were probed with DIG-labeled PCR fragments of the V2, TrAP and
C4 genes of CLCuRaV and the βC1 gene of CLCuMuB. The genes spanned by each
transcript are indicated above each panel.The ability of the two alphasatellites to be maintained in planta by a
distinct begomovirus was investigated by inoculating with CLCuBuV,
another begomovirus species associated with the CLCuD epidemic in
Pakistan. Both alphasatellites showed a high level of accumulation in
plants in the presence of CLCuBuV and CLCuMuB (Fig. 1H and J) aswell as
with CLCuRaV and CLCuMuB (Fig. 1G and I). Plants inoculated with
CLCuBuV and CLCuMuB, whether in the presence or absence of the
alphasatellites, typically showed symptoms of infection at 12 dpi.
Symptoms were less severe (symptom severity ratings 4 and 3, for
without and with the alphasatellites respectively) than for infections
involving CLCuRaV,with a tight downward rolling of the leafmargins and
a reduction in leaf size of newly developing leaves.N. benthamiana plants
inoculated with CLCuBuV, in either the presence or absence of the
alphasatellites, developed relatively mild symptoms that appeared at
12 dpi and consisted of somemild leaf curling and crumpling (results not
shown).
The Alpha-Rep proteins interact with the Rep and C4 proteins of
CLCuRaV in yeast two-hybrid assays
To investigate the possibility that the lower accumulation of
betasatellite in co-infections with the helper begomovirus and the
alphasatellite, in comparison to infections involving only the helper
virus and betasatellite, is due to an interaction between the Alpha-Rep
protein and proteins encoded by either the helper virus or betasatellite,
the yeast two-hybrid systemwas used. The Gal-4 DNA-binding domain
Table 2
Interaction of alphasatellite and betasatellite-encoded proteins with proteins encoded
by CLCuRaV using the yeast two-hybrid system.
Gene expressed
in the AD plasmid
Gene expressed in the BD plasmid⁎
CP V2 Rep C2 REn C4 βC1
Alpha-Rep (GDarSLA) − − + nd nd + −
Alpha-Rep (GMusSLA) − − + nd nd + −
βC1 − − − nd nd + −
nd—The interaction of the C4 and REn proteins encoded by CLCuRaV could not be
determined since these caused autonomous activation of β-galactosidase expression
when cloned in the Gal-4 DNA-binding domain plasmid.
⁎ The interactions are indicated as either positive (+) or negative (−).
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absence of the activation domain (AD) plasmid, and consequently could
not be assayed for interactions using this system.
In contrast, the Rep of CLCuRaV fused to the Gal-4 BD, when
introduced into yeast in the presence of either of the Apha-Rep to AD
fusions, led to yeast colonies growth on selective medium lacking
histidine, tryptophan and leucine, indicative of an interaction between
Rep and Alpha-Rep (Table 2). A β-galactosidase assay performed on
these yeast colonies resulted in blue color on nylonmembrane (Fig. 3).
Similarly, an interaction was also evident between both Alpha-Reps
and the C4 protein of CLCuRaV and between βC1 of CLCuMuB and the
C4 protein of CLCuRaV (Fig. 3). Based on the numbers of colonies
growing on selective medium, the interaction of GDarSLA-Rep with
CLCuRaV C4 was stronger than the interaction of the Rep of GMusSLA,
whereas the interaction of CLCuMV βC1 with C4 was very poor.
Controls, consisting of yeast cells co-transformed with recombinant
AD or BD plasmids in combinations with empty (non-recombinant)
AD or BD plasmids, as well as cells transformed only with non-
recombinant AD and/or BD plasmids, were negative.
Alpha-Rep proteins have a strong PTGS suppression activity
The potential suppressor of silencing activity of gene products
encoded by CLCuRaV, CLCuMuB, GDarSLA and GMusSLA was assessed
using the GFP transgenic N. benthamiana system (Ruiz et al., 1998).
TransgenicN. benthamiana plants carrying a GFP transgene (line 16c) at
the four true leaf stage were inﬁltrated with a 35-S GFP construct to
induce transient post-transcriptional gene silencing of the GFP
transgene (Brigneti et al., 1998).Within a week of inoculation, systemic
GFP silencingwas observed in all plants, characterized by a loss of green
ﬂuorescence, initially along the veins and then spreading to cover the
whole leaf, to be replaced by red chlorophyll autoﬂuorescence. At this
point, Agrobacterium cultures harboring individual cauliﬂower mosaicFig. 3. β-Galactosidase assay for protein–protein interaction in yeast two-hybrid assay
between proteins encoded by the CLCuRaV and the satellites. Panels A, B and C on the
left side represent the positive interaction of C4 protein of CLCuRaV with (A) GDarSLA-
Rep, (B) βC1 and (C) GMusSLA-Rep. Panels D and E on the right side show positive
interaction of CLCuRaV-Rep with (D) GMusSLA-Rep and (E) GDarSLA-Rep, while panel
F shows the absence of any interaction between βC1 and CLCuRaV-Rep.virus 35 S promoter driven virus or satellite-encoded genes were
inﬁltrated into GFP-silenced leaves to assess their ability to suppress
gene silencing. At 4 dpi, the inoculated leaves were examined for
reversal (suppression) of PTGS under UV illumination. Of all the gene
expression constructs inoculated, only those expressing the alphasa-
tellite-encoded Alpha-Rep proteins exhibited a clear reversal of GFP
silencing, yielding greenﬂuorescence in the inoculated patch, indicative
of suppression activity (Fig. 4C and D). In contrast, inoculation with
constructs expressing the CLCuRaV-encoded C2 and C4 proteins as well
as the betasatellite-encoded βC1 protein showed only very weak green
ﬂuorescence of the inoculated patch, suggesting that they have only
very weak suppression activity (Fig. 4E, G and H). For the leaves
inﬁltrated with the construct expressing the V2 protein of CLCuRaV
(Fig. 4I), no GFP ﬂuorescence was evident in the patch, suggesting that
this protein has no suppressor activity.
The level of PTGS suppression by Alpha-Rep proteins was
comparable to that of the p19 protein of Tomato bushy stunt virus
(TBSV; Fig. 4F), a well-characterized, strong suppressor of silencing
(Qu and Morris, 2002). The suppression activity of GDarSLA-rep was
stronger than that of GMusSLA but both proteins were stronger
suppressors than βC1. PTGS suppression activity was further
conﬁrmed by northern hybridization of total RNA hybridized with a
GFP probe (Fig. 5A). There was enhanced accumulation of GFP RNA in
the case of Alpha-Reps, while a very small amount of GFP RNA
accumulation was observed for plants inoculated with constructs for
expression of helper component and betasatellite genes. Alpha-Rep
genes showed enhanced GFP mRNA accumulation with a correlated
decrease in the amount of short interfering RNAs (siRNAs) accumu-
lation in comparison to betasatellite or DNA-A-encoded genes studied
here (Fig. 5C). These results further conﬁrmed the PTGS suppression
activity of alphasatellites with this begomovirus disease complex.Alphasatellites maintain PTGS suppression during systemic infection
To investigate the ability of CLCuRaV and its associated satellites to
prevent the establishment of silencing in planta, infectious dimeric
constructs were co- inoculated to N. benthamiana 16c plants with the
silencing inducer (a functional GFP construct to trigger PTGS for GFP).
Plants inoculated only with CLCuRaV did not become infected and GFP
expression throughout the plant was silenced, including in the
inoculated patch (results not shown). For plants inoculated with
CLCuRaV and CLCuMuB typical symptoms of infection appeared at
12 dpi. Under UV illumination plants appeared entirely red, indicating
silencingofGFPexpression. This included the inoculated leaves (Fig. 4O)
and the youngest, newly developing leaves showing symptoms of virus
infection (Fig. 4K). This indicates that CLCuRaV, in the presence of
CLCuMuB, is unable to prevent the establishment of silencing in
N. benthamiana. For plants where the inoculum additionally contained
one of the alphasatellites, symptoms of infection were ﬁrst evident at
4 dpi and at 12 dpi both the inoculated patch (Fig. 4P and Q) and the
newly emerging symptomatic leaves (Fig. 4L and M) showed green
ﬂuorescence under UV illumination, indicative of suppression of GFP
silencing.However, suppressiondid not persistwith silencing spreading
from the veins to cover the whole leaf surface (note the red veins in
Fig. 4L and M). At 21 dpi, only the youngest newly emerging leaves
continued to show evidence of suppression, whereas the leaves that
were previously showing suppression (but still showed symptoms of
virus infection)were by this time almost entirely silenced (Fig. 4R). This
indicates that, although the virus infection in the presence of the
alphasatellite can prevent the establishment of silencing in the
youngest, newly emerging tissue (tissue in which presumably virus
and satellite replication is occurring), this suppression is only transient.
By the time the plant reached maturity and ceased active growth, there
was little evidence of suppression, plants appearing almost entirely red
under UV illumination (results not shown).
Fig. 4. Alpha-Rep proteins have strong suppressor of gene silencing activity.Nicotiana benthamiana line 16c plants, carrying a constitutively expressed GFP gene, were transiently silenced for
GFP expression by inﬁltration with a GFP silencing construct (Brigneti et al., 1998). After 4 days, the leaves of plants showing GFP silencing were inﬁltrated with Agrobacterium cultures
harboring constructs for theexpressionof theAlpha-RepgeneofGDarSLA(C), theAlpha-RepgeneofGMusSLA(D), theβC1geneofCLCuMuB(E), thep19geneof TBSV(F) aswell as theC2(G),
C4 (H) and V2 (I) genes of CLCuRaV. The leaves from a non-silenced plant (A) and a plant inﬁltrated with an Agrobacterium culture harboring only the binary vector (B) are shown for
comparison. Additionally, a leaf from a silenced plant inﬁltrated with an Agrobacterium culture harboring a construct for the infectivity of CLCuRaV is shown (J). Photographs under UV
illumination were taken 4 days after the second inﬁltration. The impact of virus infection on gene silencing, in the presence and absence of alphasatellites, on systemic silencing (K–M) and
inoculated leaves (O–Q) was assessed in 16c plants silenced for GFP expression. Plants were inﬁltrated with mixtures of Agrobacterium cultures harboring GFP silencing construct, dimeric
constructs of CLCuRaV and CLCuMuB (K and O), CLCuRaV, CLCuMuB and GDarSLA (L and P) or CLCuRaV, CLCuMuB and GMusSLA (M and Q). Inoculated leaves were photographed at 4 dpi
(lower panel for each infected plant) while the photographs of whole, infected plants were taken under UV illumination at 14 dpi. A 16c plant silenced for GFP expression is shown for
comparison (N). A 16c plant with CLCuRaV, CLCuMuB and GMusSLA, photographed at 21 dpi, is shown in panel R.
Fig. 5. Alpha-Rep over-expression stabilizes GFP transcripts and reduces GFP-speciﬁc siRNA accumulation in GFP-silenced Nicotiana benthamiana. Northern blots were probed for the
presence of GFP mRNA (A and B) or GFP-speciﬁc 21-24nt siRNAs (C) with a DIG-labeled GFP gene PCR product. Total RNA extracted from the inﬁltrated patches of 5 leaves at 4 dpi
was pooled and equal amounts were loaded in eachwell. The ethidium-stained rRNA band in each case is shown below the blot as a loading control. The leaves were inﬁltrated either
with Agrobacterium cultures harboring constructs for the expression of each gene or harboring dimeric constructs of virus, betasatellite and alphasatellite (as indicated above each
lane) at 4 days after inﬁltration of the plant with an Agrobacterium culture harboring functional 35 S GFP to silence GFP expression. In each case, RNA extracted from a GFP-silenced
16c plant was run as a control (lane marked –).
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RNA silencing in plants serves as an antiviral defense mechanism
that acts through siRNAs to direct RNA degradation. To counter this
defense, plant viruses encode proteins, known as PTGS suppressors,
which are able to overcome silencing and allow systemic infection of
the virus. For begomoviruses, several gene products have been shown
to have suppressor activity although viruses appear to differ in their
use of these (reviewed by Sharma and Ikegami, 2008). Although
closely related, two of the bipartite begomoviruses causing cassava
mosaic disease in Africa, African cassava mosaic virus and East African
cassava mosaic Cameroon virus, use distinct gene products (AC4 and
TrAP, respectively) as their major suppressor (Vanitharani et al.,
2004). For the monopartite begomoviruses, in addition to the C4 and
C2 gene products, the product of the V2 gene (Zrachya et al., 2007)
and the βC1 gene encoded by betasatellites (Cui et al., 2004; Gopal
et al., 2007; Kon et al., 2007) have been shown to have suppressor
activity. Our ﬁndings that the suppressor activities of the proteins
encoded by CLCuRaV C2 and V2, as well as the CLCuMuB-encoded βC1
are, at best, very weak contrasts with these earlier reports. Rather, the
major suppressor activity of the complex examined here is mediated
by the alphasatellite. This is the ﬁrst time a rolling-circle replication
initiator protein has been shown to harbor suppressor activity and
further highlights the diverse strategies used by begomoviruses to
overcome host defense mechanisms.
Although alphasatellites were discovered almost 10 years ago, we
still know very little about the function(s) of these molecules in
begomovirus–betasatellite infections (reviewed by Briddon and Stanley,
2006). Experimentally they are dispensable for virus infection and in the
ﬁeld not all begomovirus–betasatellite infections are associated with
alphasatellites (Briddon et al., 2004). Nevertheless, all ﬁeld collected
cotton plants showing CLCuD symptoms, prior to appearance of the
Burewala strain of the disease, were shown to contain alphasatellites.
This suggested that the alphasatellitemustmake some contribution that
is advantageous to the virus. Our results may indicate that this
contributionmaybe a suppressor of RNA silencing activity. The apparent
ability of some begomovirus–betasatellite combinations to dispense
with an alphasatellite, at least in the ﬁeld, may indicate that for these
complexes either the virus or the betasatellite encodes a potent
suppressor. However, we must be careful not to extrapolate these
results to suggest that all alphasatellite-encoded Rep proteins have
silencing activity. The alphasatellites used here are distinct from those
identiﬁed earlier. Although GDarSLA is closely related to the alphasa-
tellites previously identiﬁed in cotton (Mansoor et al., 1999) and
encodes a predicted 315 amino acid Alpha-Rep protein typical of
alphasatellites (Briddon et al., 2004), it has not been identiﬁed in any
other plant species than the exotic wild cotton species from Multan
(Nawaz-ul-Rehman, manuscript in preparation). In contrast, GMusSLA
encodes a predicted 263 amino acid Alpha-Rep protein and is
phylogenetically distinct from all other begomovirus-associated alpha-
satellites. Recently one of the more common alphasatellites has been
adapted for use as a silencing vector (Huang et al., 2009), which may
suggest that the more common alphasatellites do not encode Rep
proteins that can strongly suppress silencing.
Saunders et al. (2002a) showed that the presence of the
alphasatellite could reduce the accumulation of Beet curly top virus
(a curtovirus not normally associatedwith satellites) whereasWu and
Zhou (2005) showed that the ability of alphasatellites to ameliorate
symptoms was isolate speciﬁc and that the presence of the
alphasatellite signiﬁcantly reduced the level of betasatellite DNA in
infected plants. Similarly Kon et al. (2009) showed a virus-speciﬁc
interaction with alphasatellite, with the presence of the alphasatellite
for some virus species reducing virus levels only in the absence of a
betasatellite and for other virus species reducing both virus and
betasatellite DNA levels. However, in no case were symptoms
attenuated. The effects of the presence of the alphasatellite were, ineach case, tentatively ascribed to a competition for cellular resources.
Our results suggest a possible mechanism for these effects of
alphasatellites. Geminivirus-encoded Rep proteins are multimeric
and the sequences involved in Rep-Rep interaction have beenmapped
(Orozco et al., 2000). These interactions appear not to be species
speciﬁc, meaning that active heteromultimers can be formed (Settlage
et al., 1996). Our demonstration that Alpha-Rep proteins can interact
with begomovirus Rep may thus indicate that the ability of
alphasatellites to ameliorate virus symptoms is due to the formation
of non-functional hetero-multimeric Rep complexes. However, this
may explain why the presence of the alphasatellite appears only to
affect betasatellite replication but has no signiﬁcant effect on helper
virus replication. It may be possible that begomovirus–Rep-Alpha-Rep
complexes can initiate replication of the helper begomovirus genome,
and presumably also the alphasatellite, but do not efﬁciently interact
with betasatellites, the betasatellites relying on the helper begomo-
virus-encoded Rep for replication. Although the interaction between
helper begomovirus Rep and betasatellites remains unclear, it is clear
that the origin of replication of betasatellites is distinct from that of
begomoviruses, lacking the “iterons” (sequence-speciﬁc Rep-binding
motifs) of their helper viruses (Saunders et al., 2008). This hypothesis
will require further investigation.
The C4 proteins of several curto- and begomoviruses have been
shown to be symptom (pathogenicity) determinants (Rigden et al.,
1994; Latham et al., 1997; Krake et al., 1998). The interaction between
Apha-Rep and CLCuRaV-C4 thus might provide an additional possible
mechanism for symptom amelioration by alphasatellites. However,
for the majority of begomovirus–betasatellite complexes, the betasa-
tellite-encoded βC1 has been shown to be the major symptom
determinant (Cui et al., 2004; Saunders et al., 2004; Saeed et al., 2005).
In the ﬁeld, it would thus seem far more likely that Alpha-Rep down-
regulation of betasatellite replication, and thus down-regulation of
the expression of the pathogenicity determinant βC1 (as discussed
above) is responsible for the reduction in the observed symptom
severity.
A number of previous studies have addressed the suppressor of
silencing activities of the gene products of monopartite begomo-
viruses and the βC1 protein of their associated betasatellites. It is
difﬁcult to compare these studies with our results since they have
used different techniques for expressing the individual genes
(expression from the 35-S promoter or from a PVX vector) and used
differing positive controls (for the most part a potyvirus HC-Pro and
Cucumber mosaic virus 2b proteins, whereas we used the p19 of
Tomato bushy stunt virus [TBSV]). Our ﬁndings for CLCuRaV are
consistent with the results of Kon et al. (2007), who concluded that,
by expression from a PVX vector, the C2 protein of Tomato leaf curl
Java virus (ToLCJV) is a weak suppressor, whereas the C4 gene product
has no suppressor activity. The strongest suppressor activity identi-
ﬁed by them was for the βC1 gene product of Tomato leaf curl Java
betasatellite, the betasatellite associated with ToLCJV. If we ignore the
Alpha-Rep suppression results (their study did not investigate the
contribution of any alphasatellite products), this is also the conclusion
reached by us for CLCuRaV and CLCuMuB. Similar results, showing a
weak suppressor activity of C2 and a strong(er) suppressor activity
(roughly equivalent to the suppressor activities of HC-Pro and 2b) for
C4 and βC1 of Bhendi yellow vein virus and its betasatellite, Bhendi
yellow vein mosaic betasatellite, were shown using a transient
expression system in 16c by Gopal et al. (2007). For the C2 and C4
gene products of Tomato yellow leaf curl China virus and Tobacco
curly shoot virus (TbCSV), the relative suppressor activities were
found to differ, although the βC1 protein of Tomato yellow leaf curl
China betasatellite (TYLCCNB) showed the highest suppressor
activity, which was a little weaker than the suppressor activities of
2b and HC-Pro (Cui et al., 2005; Cui and Zhou, 2004). Overall these
results for monopartite begomoviruses associated with betasatellites
indicate that it is the βC1 protein that is the major suppressor of RNA
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suppressor activity provided by associated alphasatellites.
Our results, showing that CLCuRaV/CLCuMuB are unable to prevent
establishment of GFP silencingwhen infectingN. benthamiana 16c plants,
differ from the studies of Cui et al. (2005). They showed that TYLCCNV
with its cognate TYLCCNB and TbCSVwith its cognate Tomato curly shoot
betasatellite (TbCSB) can efﬁciently prevent establishment of GFP
silencing when co-inoculated with the silencing inducer (experiments
equivalent to our own). Additionally, they showed that TYLCCNV, but not
TbCSV, could prevent establishment of silencing in the absence of the
cognate betasatellite. The reasons for these differences are unclear.
However, host adaptation may play a part, in that both the TYLCCNV/
TYLCCNB and TbCSV/TbCSB complexes were isolated from solanaceous
hosts (andusually infect solanaceous hosts in theﬁeld) andare thus likely
adapted to plants of the Solanaceae whereas the CLCuRaV/CLCuMuB
complex was isolated from cotton (usually infects cotton, although it is
occasionally identiﬁed inotherhosts; Shahidet al., 2007) and is thus likely
adapted to plants of the Malvaceae. It is thus possible that CLCuRaV and
CLCuMuB do not efﬁciently infect N. benthamiana. Certainly the CLCuRaV
clone used here is unusual in being the only CLCuD-associated
begomovirus that is not infectious to this host in the absence of the
betasatellite (Nawaz-ul-Rehman et al., 2009). Nevertheless, efﬁcient
prevention of silencing for CLCuRaV/CLCuMuB requires the presence of
an alphasatellite, forwhich there is no precedence. Itwill be interesting to
discover whether the alphasatellites associated with the TYLCCNV/
TYLCCNB and TbCSV/TbCSB complexes similarly have suppressor Alpha-
Rep proteins. However, since none of these complexes apparently
requires an alphasatellite, and other begomoviruses causing CLCuD with
CLCuMuB are able to infect cotton experimentally without the help of an
alphasatellite, it is difﬁcult to see how the strong suppressor activity
provided by an Alpha-Repwould beneﬁt the virus. This may suggest that
the selective advantage(s) for the presence of alphasatellites are very
subtle.
Geminiviruses require host cells in which active DNA replication is
occurring. Since they replicate in differentiated cells that no longer
contain detectable levels of host DNApolymerases and associated factors,
they induce the accumulation of DNA replication machinery in mature
plant cells by reprogramming host gene expression (Hanley-Bowdoin
et al., 2004). This is achieved, at least in part, by the virus-encoded Rep
interacting withmembers of the retinoblastoma family of proteins (pRB)
that negatively regulate cell cycle progression and promote differentia-
tion. It is at this stage unclear whether Alpha-Rep protein encoded by
begomovirus-associated alphasatellites can similarly interact with pRB.
For the nanoviruses (from which alphasatellites are believed to have
evolved; Briddon and Stanley, 2006), a secondprotein (the “cell cycle link
protein”) has been shown to interact with pRB, although it is unclear
whether the nanovirus-encoded Rep (known as masterRep) does so.
Having two pRB interacting proteins would not be unusual since
geminivirus-encoded REn also has pRB-binding activity (Settlage et al.,
2005). Nevertheless, consistent with previous ﬁndings (Mansoor et al.,
1999; Saunders and Stanley, 1999;Wu and Zhou, 2005; Kon et al., 2009),
we have shown that alphasatellites can autonomously replicate when
inoculated intomature leaves ofN. benthamiana in the absence of ahelper
virus and are thus presumably able to induce the necessary host factors
for their replication. The ﬁnding that suppression of silencing only occurs
where active virus replication is occurring (the youngest newly emerging
leaves), but silencing is occurring in the older tissue where, presumably,
virus and alphasatellite replication are tailing-off, indicates that active
virus and alphasatellite replication (and thus also gene expression) is
required to maintain suppression. Thus, active Alpha-Rep expression is
required tomaintain suppression, suggesting that this protein has a short
half-life in infected cells.
Vanitharani et al. (2004) showed that the synergistic interaction
between two begomoviruses causing severe cassava mosaic disease in
Africa is likely due to their encoding suppressor of silencing proteins
with differing activities. The ﬁrst provides a fast acting suppressor butthe activity of which is transient, whereas the second virus encodes a
suppressor that is slow to act but the activity of which is persistent. A
similar scenario can be proposed here, although rather than recruiting a
second begomovirus to provide the necessary suppressor activity,
instead an alphasatellite encoding an efﬁcient suppressor has been
recruited. It is thus possible that the poor ability of the begomovirus–
betasatellite complexes to manage host defenses has necessitated the
synergistic interactionwith amolecule recruited from a different family
of ssDNA viruses.
The results we have presented provide a possible explanation for the
association of alphasatellites with begomoviruses–betasatellites com-
plexes, a convincing explanation for which has eluded geminivirologists
since the alphasatellites were ﬁrst identiﬁed. In addition, the results
provide a potential mechanism to explain the effects that alphasatellites
have on helper begomoviruses and their associated betasatellites
(symptom amelioration and the reduction in accumulation of betasa-
tellite DNA in plants). However, a number of questions remain to be
answered. The ﬁrst is whether the system we have employed to
investigate these phenomena is typical of other begomovirus–betasa-
tellite–alphasatellite complexes, since both alphasatellites as well as the
virus used here (CLCuRaV) are unusual. Certainly the results obtained for
other begomovirus–betasatellite complexes, showing that these encode
suppressors that efﬁciently prevent gene silencing, might suggest that
this is not the case. The results also raise the question of whether
suppression of silencing for Alpha-Rep proteins is a function inherited
from their putative evolutionary ancestors, the Rep encoding compo-
nents of nanoviruses and, in particular, the alphasatellites associatedwith
some nanoviruses. These questions will be the subject of future studies.
Materials and methods
Virus and satellite constructs
Infectious dimeric constructs of Cotton leaf curl Rajasthan virus
(CLCuRaV; accession number EU365616) and Cotton leaf curl Burewala
virus (CLCuBuV; accession no. EU365618) were used in this study. A
construct for the CLCuBuV infectious clones were prepared by the same
strategy as described for CLCuRaV. Cotton leaf curl Multan betasatellite
(CLCuMuB; accession no. EU384587) was used as described earlier
(Nawaz-ul-Rehman et al., 2009). Full-length clones of the alphasatellites
G. darwinii symptomless alphasatellite (GDarSLA; accession no.
EU384626, isolated from Gossypium davidsonii) and Gossypiummustilli-
num symptomless alphasatellite (GMusSLA; accession no. EU384653,
isolated fromG. davidsonii) andCLCuBuV(isolated fromG. hirsutum)were
cloned in pGreen0029 vector as SalI,XbaI and SalI fragments, respectively,
and dimeric constructs were prepared by self-ligation of individual
monomer inserts (released by restriction with SalI, XbaI and SalI,
respectively) followed by partial restriction of concatameric rolling-circle
ampliﬁcation (RCA) products, as described earlier.
Yeast two-hybrid assay
The potential for the six proteins encoded by CLCuRaV, aswell as the
single protein (βC1) encoded by CLCuMuB, to interact with the Alpha-
Rep proteins encoded byGDarSLA and GMusSLAwas investigated using
the yeast two-hybrid system. To accomplish this study, all six genes of
CLCuRaV (namely V1, V2, C1, C2, C3 and C4) andβC1were cloned in the
DNA-binding domain (BD) plasmid (pBTM116; Bartel et al., 1993). This
plasmid when introduced in yeast cells confers the ability to grow on
media lacking the amino acid tryptophan (W). Alpha-Reps of GDarSLA
and GMusSLA were cloned in activation domain (AD) plasmid (pACT2;
Harper et al., 1993). This prey plasmid makes the yeast cells capable of
growing in the absence of leucine(L). LikewiseβC1genewas also cloned
in prey plasmid to assess its self interaction and interaction with the
proteins of the helper component. The selected genes were PCR
ampliﬁed by using speciﬁc primers (the primers used in yeast two-
Table 3
Primers used for the production of constructs used in the study.
Primers used in yeast two-hybrid assays
Primer Sequence (5′–3′)a Accession
no.b
BD/
ADc
betaBTF
betaBTR
GAATTCATGACAACGAGCGGAAAAAACAAGG
CTGCAGTTAAACGGTGAACTTTTTATTGAAT
EU384587 BD
C1BTF
C1BTR
CCCGGGATGCCTCCAAAGCGGAACGGTTTTT
GGATCCTCAAGATCTACTCTCCTCCTCCTGT
EU365616 BD
C2BTF
C2BTR
GAATTCATGCGATCTTCATCACACTTGATAG
GTCGACTTAATTGAAATTACACCGAGATTGT
EU365616 BD
C3BTF
C3BTR
GAATTCATGGATTCACGCACAGGGGAACCCA
GTCGACTTAATAAAGTTTGAATTTTATTTCT
EU365616 BD
C4BTF
C4BTR
GAATTCATGGGACTCCTCACTTGCATGTTCT
CTGCAGCTAGTTCCTTAATGACTCTAAGAGC
EU365616 BD
V1BTF
V1BTR
GGATCCATGTCGAAGCGAGCTGCCGATATCG
CTGCAGTCAATTCGTTACAGAGTCATAAAAA
EU365616 BD
V2BTF
V2BTR
CCCGGGATGTGGGATCCACTATTAAACGAAT
CTGCAGTCACAACCCTTTGGAACATCCGGAC
EU365616 BD
betaPrF
betaPrR
CCATGGATGACAACGAGCGGAAAAAACAAGG
GAATTCTTAAACGGTGAACTTTTTATTGAAT
EU384587 AD
DarPrF
DarPrR
CCATGGATGCCTTCTGCTCAGTCTGTCTTTT
GGATCCTTAATCCAAATAATCCTCACAATTA
EU384626 AD
MusPrF
MusPrR
GGATCCATGGCTGCGATTAAGTCTGTCTTCT
CTCGAGTTAAGATAAATCTATTAATTTTATT
EU384653 AD
Primers used for the suppression of PTGS assays
Primer Sequence (5′–3′)a Accession no.b
Dar-PTGSF
Dar-PTGSR
TCTAGAATGCCTG CTGTCCAGTCTCTCTGGT
GGTACCTTAGTCAATA TAATCCTCACAATTA
EU384626
Mus-PTGSF
Mus- PTGSR
TCTAGAATGGCTGCGATTAAGTCTGTCTTCTGGTG
GAATTCTTAAGATAAATCTATTAATTTTATTCGATC
EU384653
BetaC1-PTGSF
BetaC1-PTGSR
TCTAGAATGACAACGAGCGGAAAAAACA
GAATTCTTAAACGGTGAACTTTTTATTGAA
EU384587
V2-PTGSF
V2-PTGSR
TCTAGAATGTGGGATCCACTATTAAACGAAT
GAATTCTCACAACCCTTTGGAACATCCGGAC
U365616
C2-PTGSF
C2-PTGSR
TCTAGAATGCGATCTTCATCACACTTGATAG
GAATTCTTAATTGAAATTACACCGAGATTGT
U365616
C4-PTGSF
C4-PTGSR
TCTAGAATGGGACTCCTCACTTGCATGTTCT
GAATTCCTAGTTCCTTAATGACTCTAAGAGC
U365616
a Restriction sites were introduced in the 5′ end of each primer and are underlined. F
indicates a forward primer and R a reverse primer.
b Accession number of the clone to which the primers were designed.
c Primers were designed to allow insertion of the ampliﬁed fragment into either the
BD or AD yeast two-hybrid plasmids.
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recognition sequences for ease of cloning in respective bait and prey
plasmids. These recombinant plasmids were introduced into the yeast
strain L40 by the heat shock (PEG/LiAc) method and plated on to yeast
minimal media lacking speciﬁc amino acids. The interaction between
the selected proteinswas determined by their growth on yeastminimal
media lacking histidine andby theβ-galactosidaseﬁlter assay. Brieﬂy, in
the ﬁrst step yeast colonies showing positive interaction on the yeast
growth medium lacking histidine, tryptophan and leucine were
transferred to nylon membrane and incubated at −80 °C for 4 h. The
membrane was soaked in buffer containing X-gal to develop blue color
at 37 °C for 12-16 h (as described by Bartel et al., 1993). The blue color
on the membrane is indicative of LacZ expression due to positive
interaction between the two proteins.Gene expression constructs for PTGS suppression analysis
Alpha-Rep genes of GDarSLA, GMusSLA, C2, C4 and V2 genes of
CLCuRaV andβC1 gene of CLCMuBwere PCR ampliﬁed using the primer
pairs indicated in Table 3 and cloned into an intermediate vector,
pMON999 (Monsanto, Saint Louis MO), as XbaI–KpnI fragments.
The primer sets for making the PTGS suppression analysis
constructs to amplify individual genes are shown in Table 3. Under-lined sequences correspond to XbaI and KpnI restriction sites, used for
cloning the individual genes in this study. The cassette containing the
35-S promoter along with the cloned genes was transferred from
pMON999-based clones to the binary vector pCambia2300 (CAMBIA)
as HindIII–SmaI fragments. All pCambia plasmids were transferred to
A. tumefaciens LBA4404 by electroporation.
Inoculation of plants
All the individual genes and viruses were transiently inoculated to
N. benthamiana leaves, using A. tumefaciens. The cloned molecules in
binary vectors were ﬁrst transferred to Agrobacterium and then
inﬁltrated on N. benthamiana leaves as described earlier (Martin-
Hernandez and Baulcombe, 2008; Llave et al., 2000).
Agrobacterium, harboring a functional GFP construct (kindly provided
by David Baulcombe, Brigneti et al., 1998) to initiate the systemic
GFP gene silencing, was transiently inﬁltrated onto GFP transgenic
N. benthamiana plants at the 4-leaf stage (Martin-Hernandez and
Baulcombe, 2008; Yang et al., 2000). At 4 dpi, GFP-silenced plants were
inﬁltrated with Alpha-Rep genes, C2, C4 and V2 genes of CLCuRaV, βC1
gene of CLCuMuB, p19 of Tomato bushy stunt virus (TBSV) and a control
binary vector, pBIN61. p19 and pBIN61 vectors were kindly provided by
Peter Moffett (Boyce Thompson institute, NY). For each construct,
individual leaves were inﬁltrated with 500 μl of activated Agrobacterium
culture (OD600=0.5). Five leaves of GFP-silenced N. benthamiana plants
were inoculated for each construct.
To assess the ability of virus and satellite infection to suppress
systemic GFP silencing, an Agrobacterium culture harboring the GFP
silencing construct was mixed in equal quantities (500 μl each) with
Agrobacterium cultures harboring constructs for the infectivity of
CLCuRaV, CLCuMuB, GDarSLA and GMusSLA (in various combina-
tions) and inoculated to plants by inﬁltration, as described above.
Disease severity index
The disease severity index was established on a scale of 1 to 5, similar
to that used for cassavamosaic disease described by Fauquet and Fargette
(1990). The symptoms at each point are as follows: 0 (no discernable
symptoms), 1 (very mild symptoms consisting of curling of the leaf
margins), 2 (mild leaf curling and mild vein swelling), 3 (sever leaf
curling, vein swelling and stunted plant growth), 4 (symptoms as for
point 3 on the scale but additionally showing vein yellowing and some
chlorosis) and 5 (sever leaf curling, crumpling, vein yellowing, stunted
plant growth and enations on the veins on the undersides of leaves).
Imaging and sample collection
GFP-silenced leaves, inoculated with different constructs, were
observed under UV lamp and photographs were taken with a Nikon
1200 camera. Images were brightened in preview software for pictures
analysis in Mac OSX. Samples of the inﬁltrated areas of leaves were cut
with a razor blade and immediately stored in liquid nitrogen prior to
analysis.
Nucleic acid extraction and hybridization
Total DNA for Southern blot analysis was extracted from infected
plants at 15 dpi using aDNAeasymini kit (Qiagen). DNAwas resolvedon
1.5% agarose gels and transferred to nylon membranes (Hybond N+;
Amersham). Digoxygenin (DIG)-labeled PCR products were produced
for each component and used as a probe to detect virus and satellite-
speciﬁc DNA forms (PCR DIG Probe Synthesis Kit, Roche).
Total RNAwas extracted using an RNAeasy plantmini kit (Qiagen) as
recommended by manufacturer. RNA was run on 1% agarose formalde-
hyde gels, transferred to nylonmembranes andUV cross-linked. For GFP
and transcript level analysis, DIG-labeled probes were ampliﬁed for
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same as described for the suppression analysis. Total small RNAs for the
analysis of the suppression of GFP silencing were extracted using a
mirVana miRNA isolation kit (Ambion) as recommended by manufac-
turer. Total small RNAs were resolved on 15% precast Criterion gels
(BioRad) and transferred to nylon membranes for further analysis by
hybridization. For small RNA analysis of GFP, in vitro transcribed DIG-
labeled GFP RNA was hydrolyzed for detection of small RNAs (Invitro
transcription and DIG labeling kit; Roche).Acknowledgments
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